INTRODUCTION
The variety of ecological functions that subtidal seagrass beds fulfil for fishes worldwide is well documented (e.g. Orth et al. 1984 , Connolly 1994 , Edgar & Shaw 1995 , Scott et al. 2000 , Beck et al. 2001 , Minello et al. 2003 , whereas intertidal seagrass systems have attracted less attention in this respect, especially in northern latitudes. In general, the high structural complexity of seagrass beds is considered to provide shelter from predation (Nelson & Bonsdorff 1990 , Mattila 1992 , Hindell et al. 2001 , support larval settlement (Short & Short 1984 , Grizzle et al. 1996 , Boström & Bonsdorff 2000 , Moksnes 2002 ) and reduce the effects of currents and waves (Fonseca et al. 1982 , Gambi et al. 1990 , Fonseca & Calahan 1992 , Koch & Gust 1999 . Losses of seagrass biotopes are often followed by a reduction in species diversity and abundances within invertebrate and fish communities (Thrush et al. 2001 , Vanderklift & Jacoby 2003 .
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Resale or republication not permitted without written consent of the publisher part 1998, Groehsler & Zimmermann 2001 , Christensen et al. 2003 , Elliott 2003 . However, after the loss of the entire subtidal seagrass stocks in the Wadden Sea during the 'wasting disease' in the 1930s, Wohlenberg (1935) documented that migratory fish species such as the herring Clupea harengus had lost important spawning grounds, which was subsequently reflected in the decrease of local herring stocks. Similar observations from 'wasting disease' events in the White Sea during the 1960s emphasised the negative effects of seagrass losses on herring populations (Gemp & Bryzova 1968 , Goscheva 1970 , Wechov 1987 .
In the Wadden Sea, the processes that led to the collapse of subtidal Zostera marina stocks in the 1930s and the reasons for the failure of their re-establishment to this day are still discussed controversially and are objects of intensive research. Today, in the Wadden Sea, seagrass beds are limited exclusively to the intertidal area where they occupy about 51 km 2 in total (Reise 2003) . Despite a general decline in Z. noltii stocks during the past 3 decades (den Hartog & Polderman 1975 , Michaelis 1987 , they have remained relatively stable in the northern part of the Wadden Sea (Reise 2003) . Here, Z. noltii beds are regularly exposed to the air during the semi-diurnal tidal cycle. For fishes they represent temporarily available habitats during high tides and are subject to large fluctuations in environmental conditions over a 24 h period. The question arises as to whether or not intertidal seagrass beds have any ecological function as spawning grounds similar to that assumed for subtidal beds.
The aims of this study were to asses the role of intertidal Zostera noltii beds as spawning areas for 3 common fish species that exhibit different reproduction strategies: (1) the garfish Belone belone, which releases single, relatively large eggs (∅ 3 mm) covered by numerous filaments, which facilitate attachment to the substrate (Duncker et al. 1929 , Rosenthal & Fonds 1973 , Dorman 1991 , (2) the herring Clupea harengus, which attaches aggregations of up to several thousand dermersal eggs to the substrate (Messieh et al. 1985 , Hoshikawa et al. 2001 , and (3) the three-spined stickleback Gasterosteus aculeatus, which builds nests from plant material where aggregations of eggs are under intensive parental care by the males (Reebs et al. 1984 , Lachance & FitzGerald 1992 , Rowland et. al. 2002 .
By means of experimental manipulation of spawning substrates combined with observation of fish activity and quantitative sampling methods, this study focused on the role of the remaining intertidal seagrass stocks in the Wadden Sea for fish reproduction. As there is no information available about this subject, it was hypothesized that (1) intertidal Zostera noltii beds are relevant spawning ground for common, migratory fish species, and (2) the significance of Z. noltii beds as a spawning substrate exceeds that of alternative macroalgae.
MATERIALS AND METHODS
Study sites. Studies were conducted on the east coast of the island of Sylt in the northern Wadden Sea (North Sea) (Fig. 1) . The tidal flats under investigation were situated within a shallow tidal basin formed by the mainland and the islands of Sylt (Germany) and Rømø (Denmark). Along the tidal watersheds, the Sylt-Rømø Bight is nearly closed by causeways connecting the islands with the mainland. A single inlet joins the Bight to the open North Sea. Tides are semidiurnal with an average amplitude of about 2 m, and salinity ranges seasonally from 28 in winter to 32 in summer. During our study, the mean water temperature throughout the vegetation period of Zostera noltii (May to September) was about 18°C, and water depth in investigated tidal areas ranged from 0.7 to 1 m at high tide. In the Sylt-Rømø Bight bare sand flats dominate the intertidal area. Mussel beds (Mytilus edulis) occupy 0.3% of the intertidal zone, and are mostly covered by the brown algae Fucus vesiculosus (Gätje & Reise 1998) . Mussel beds are located at the lower range of the intertidal zone and are periodically exposed for 1 to 3 h during low tide (Asmus 1987 , Buschbaum & Saier 2001 . Seagrass beds are dominated by Zostera noltii and cover about 12% of tidal flats (Gätje & Reise 1998) . Depending on their exposure to tidal currents, shoot densities vary from 2000 to 5000 shoots m -2 during August and September (Schanz & Asmus 2003) . These dense canopies usually retain a 5 to 10 cm deep layer of residual water between the plants during the low tide period. Seagrass beds are located close to the mean high tide mark and are exposed to air for periods of 4 to 6 h (Schanz et al. 2002) . Experiments and sampling of fishes were carried out in a semi-exposed seagrass bed and on adjacent sand flats located within a distance of 1.5 km ( Belone belone: Comparison of activity in different habitats. The pelagic garfish B. belone is highly mobile and thus extremely difficult to capture quantitatively by most current sampling techniques. B. belone shows a special behaviour when swimming close to the surface: it tends to overcome barriers by jumping. We exploited this behaviour to develop a method to compare activity among vegetated and adjacent nonvegetated areas that were located at the same tidal level and thus exposed for the same period of time. This method is termed 'jumping activity comparison' (JUMP). During the spawning season from early May to late July 2002, a 20 m long rope (∅ 0.8 cm synthetic fibre) was loosely fixed on the water surface, and fish jumping over the floating rope were simultaneously counted in waters over bare sand and seagrass beds for a period of 30 min, 1 h before high tide (Fig. 1 , Site B). Fish movement was measured on directly neighbouring vegetated and non-vegetated tidal flats located at an identical tidal level, in order to identify patterns of tidal migration. The method allowed a relative index of fish activity because sampling took place at the same time during the tidal cycle. Data were subsequently pooled over a period of 19 d.
The JUMP method was also used to estimate the occurrence of garfishes at different intertidal seagrass sites during the main spawning period in June 2003. Five sampling sites were located within the Sylt-Rømø Bight, and 1 reference site was located in the southern 'Hörnum Deep' tidal basin (Fig. 1) . Over 1 mo, most of the sites were sampled once at the same time of day and point of tide respectively. Sampling was started at Site B ( Fig. 1 ) and was repeated there at the end of the study period to determine possible effects on garfish occurrence caused by the intervening spawning period.
Belone belone: In situ spawning experiments. To test the specific role of seagrass plants for spawning B. belone, different structures were offered to the fishes at Site B ( ) as an artificial substrate, to assess whether the type of structure affects the attachment of fish eggs. Six replicates of each structure were placed in a Zostera noltii bed and on an adjacent sand flat bare of vegetation. As a control, we estimated egg abundance by randomly placing a metal frame of 0.5 m 2 area on vegetated and non-vegetated tidal flats (6 replicates). Because of possible spawning peaks, mats and controls were examined for B. belone eggs on 4 occasions from the beginning of June to the middle of July. The eggs found in the investigation areas were removed to prevent accumulation from different spawning events.
Previous observations showed that Belone belone eggs attached to green algae (Enteromorpha spp., Chaetomorpha spp.) when algae occurred within seagrass beds during the spawning period.
We hypothesised that seagrass affects egg survival even when eggs are attached to different substrates, because the seagrass environment reduces desiccation at low tide. To determine the passive impact of seagrass cover on egg mortality, clumps of Enteromorpha spp. (~150 g fresh weight) with Belone belone eggs attached were collected from the seagrass bed. Eggs on each algal clump were counted and clumps were fixed in the seagrass bed (n = 9, mean egg number clump -1 = 6.4 ± 0.3 SE) and on adjacent sand flats (n = 10, mean egg number per clump = 5.1 ± 0.2 SE). After 5 d the algal clumps were examined for numbers of eggs remaining as well as egg survival, based on analyses of yolk colour and on the condition of the eggshell (hatching of larvae causes a characteristic injury to the eggshell).
Abundances of Belone belone and Gasterosteus aculeatus. To estimate the abundance of spawning fishes in the intertidal zone, 2 beach seine hauls mo -1 from April to July 2003 were conducted. Two replicate samples were each taken in a Zostera noltii bed and on an adjacent sand flat at Site B (Fig. 1 ) on consecutive days, 1 h before high tide to 1 h afterwards.
The beach seine consisted of a 2 m long bag of 4 mm mesh size attached to two 10 m long wings, 1.5 m in height with a 10 mm mesh size. The seine was hauled over a distance of 60 m with a mouth opening of 15 m, sampling an area of 900 m 2 . The fishes caught were preserved by freezing. Quantitative data for species found were pooled over the sampling period, and abundances on vegetated and nonvegetated tidal flats were calculated and compared. For G. aculeatus a random sample of 99 females was tested concerning the percentage of egg carrying females. A second sample of 84 male sticklebacks was analysed for the percentage of individuals showing breeding colours.
Clupea harengus: Quantification of eggs on seagrass and macroalgae. During April 2002, different intertidal habitats were examined for herring eggs along the east coast of the island of Sylt: (1) extended Fucus vesiculosus beds associated with blue mussels Mytilus edulis located in the lower intertidal zone, (2) different seagrass beds in the upper intertidal zone, and (3) single F. vesiculosus aggregations associated with artificial bed groynes on the same tidal level as the seagrass beds. Egg abundance on algae and on seagrass were compared (egg numbers per unit plant biomass, and size of spawning zones). Six box corer samples (100 cm 2 ) were taken from F. vesiculosus and 12 from Zostera noltii. Plant material was dried at 80°C for 48 h and combusted at 500°C for 14 h to estimate ash-free dry weight (AFDW). Egg numbers were estimated from the average weight of a single egg (0.001 g AFDW, SE ± 0.00004, n = 15) extrapolated to the AFDW of spawn per g AFDW plant biomass. The size of each spawning zone was measured and the total plant biomass was calculated for the whole spawning area. Seagrass beds with (Fig. 1 , Site F) and without (Fig. 1, Site B) herring eggs were compared with respect to aboveground plant biomass and shoot density. Shoot density was measured using a metal frame of 25 cm × 25 cm that was randomly placed on the seagrass canopy 3 times. The mean number of leaves per plant and mean length and width of leaves was measured from 120 randomly chosen plants.
Data analyses. Results of quantitative assessments are presented as arithmetic means with standard error (± SE). Significance was tested using a 1-way ANOVA. Data sets were tested for homoscedasticity by Cochran's test and transformed using log(x + 1) if necessary to fulfil the assumptions for ANOVA. Effects between single treatments of the spawning experiments on Belone belone were analysed using post hoc Tukey's honestly significant difference (HSD) test. Statistical significance was assumed if p < 0.05.
RESULTS

Belone belone: Comparison of activity in different habitats
With the exceptions of Sites A and E, all investigated Zostera noltii beds were visited by adult garfishes during the spawning season from May to July 2003. Activity of fishes was observed at Sites B, C and D (Fig. 1) in the Sylt-Rømø Bight as well as on the reference seagrass bed located in the separated Hörnum Deep tidal basin (Site F, Fig. 1 ) at the end of the investigation period on 30 June. Therefore, no seasonal fluctuation in garfish activity could be observed during the sampling period. At Site B, garfishes showed significantly higher activity on tidal flats covered by Z. noltii ( Fig. 2A) than on adjacent sand flats during the entire spawning season (ANOVA p = 0.001, df = 1, F = 12.81, n = 19). In the Z. noltii bed, the mean number of counted 'jumps' 30 min -1 (105 ± 14) was consistently higher than mean number of 'jumps' 30 min -1 counted on sand flats (24 ± 6.09).
The mean abundance of Belone belone obtained by beach seine samples from May to July 2003 was 0.4 ind. 100 m -2 (± 0.15) over the Zostera noltii bed, whereas only 0.01 ind. 100 m -2 (± 0.01) were caught on adjacent sand flats (Fig. 2B) . B. belone were significantly more abundant in seagrass beds (ANOVA, p = 0.03, df = 1, F = 5.61) than on bare sands. Fishes caught on both sites had a mean length of 56.37 cm (± 0.91, n = 15) and a mean fresh weight of 223 g (± 9.0, n = 15). 
Belone belone: In situ spawning experiments
From early June to late July, a mean density of 6 (±1) Belone belone eggs m -2 was found in the Zostera noltii control area. Outside the control areas, eggs were found attached to experimental Fucus vesiculosus and bast fibre units that were located within the seagrass bed.
Generally the number of Belone belone eggs pooled from all investigation units was significantly higher in the Zostera noltii bed than on adjacent bare sand flats (ANOVA, p < 0.001, df = 1, F = 36) (Fig. 3) . Within the seagrass bed, the mean egg number on artificial bast units did not differ significantly from those found in the seagrass control areas (Table 1, Tukey's test, p = 0.46). Significantly more eggs were found on both seagrass and bast units than on PVC mats covered with Fucus vesiculosus (Tukey's test seagrass, p < 0.05; Tukey's test bast, p < 0.001). In turn, experimental units covered with F. vesiculosus had significantly higher numbers of eggs when placed in the Z. noltii bed compared to those placed on bare sand (Tukey's test, p < 0.01). On the non-vegetated sand flat, F. vesiculosus units (mean egg number 0.08 ± 0.08) and bast units (mean egg number 0.5 ± 0.3) did not show significant differences to the non-vegetated control areas, where no eggs were observed during the investigation period (Table 1) .
Transplantation of green algae containing Belone belone eggs from the seagrass bed to unvegetated tidal flats showed that egg survival decreased when seagrass was absent (Fig. 4) . On non-vegetated sand flats, ANOVA showed significant differences (p < 0.0001, df = 2, F = 35.6) between the original mean abundance of B. belone eggs on transplanted green algal units (5.1 ± 0.5, n = 10), total egg numbers recovered after 5 d, and eggs recovered in a viable condition. The total number of eggs recovered (3.3 ± 0.5, n = 10) was significantly less than numbers initially transplanted (Tukey's test, p = 0.01). Based on total egg number recovered, a mean of only 0.2 eggs (± 0.1, n = 10) were found to be optically intact. Thus, the number of eggs that survived was significantly lower than the total number recovered on green algae situated on bare sand (Tukey's test, p = 0.0001). In the seagrass bed, ANOVA showed no significant effect (p = 0.1, df = 2, F = 2.5) between mean egg number initially transplanted together with the algal clumps (6.4 ± 1.0, n = 10), mean number of total eggs recovered after 5 d (5.4 ± 0.7, n = 9), and number of eggs found to be optically intact (4.0 ± 0.6, n = 9). The total number of recovered eggs was not significantly less than initial egg abundance (Tukey's test, p = 0.6), and the number of vital eggs recovered did not differ significantly from the total number of eggs recovered after the experimental period (Tukey's test, p = 0.08).
Clupea harengus: Quantification of eggs on seagrass and macroalgae
In the intertidal area, Fucus vesiculosus as well as Zostera noltii were found to be used as substrate by spawning herring Clupea harengus. In April 2002, when the eggs were found, no adult C. harengus could be captured in the intertidal zone. Herring eggs were not homogeneously distributed within the seagrass beds but appeared to be concentrated in certain spawning zones. In the southern tidal basin, i.e. the Table 1 ). Fucus = Fucus vesiculosus Hörnum Deep (Fig. 1, Site F) , a 190 m long and 9 m wide belt within the Z. noltii bed was identified as a spawning zone. The belt ran parallel to the high tide mark. In this belt the mean Z. noltii shoot density was 3088 m -2
, with a mean biomass of 55 g (± 4.5) AFDW m -2 . The Z. noltii plants had a mean leaf length of 8.4 cm (± 0.2, n = 120), a width of 0.95 mm (± 0.01, n = 120), and a mean number of 2.5 leaves per plant (± 0.07, n = 120). The mean number of eggs was 27 (± 2.5, n = 120) per seagrass plant.
In the Sylt-Rømø Bight, plant biomass of Zostera noltii beds (Fig. 1, Site B) was only 9 g (±1) AFDW m -2 during April 2002. No eggs could be observed attached to seagrass leaves here, but they were found on Fucus vesiculosus associated with bed groynes located in the upper intertidal zone; these spawning zones were limited to 2 patches with lengths of 3.5 m and 0.6 m and a width of 5.5 m. Within both spawning zones algal biomass was 500 g (± 0.5) AFDW m -2 . The amount of herring eggs found in relation to plant biomass and spawning zone is given in Table 2 . The number of herring eggs per g AFDW plant biomass was more than 20 times higher in the seagrass spawning zone than in the F. vesiculosus spawning zone. This resulted in 2-fold higher egg numbers m -2 in the seagrass bed, even though plant biomass m -2 was much higher in the F. vesiculosus spawning zones on bed groynes.
Gasterosteus aculeatus: Quantification of breeding fish
In the period from late April to June, the threespined stickleback Gasterosteus aculeatus was found at a mean abundance of 3 ind. 100 m -2 (± 0.9, n = 7) on tidal flats covered by Zostera noltii, whereas no sticklebacks were caught on non-vegetated areas. The mean total length of captured individuals was 6.2 cm (± 0.09, n = 20) with a mean wet weight of 2.3 g (± 0.10, n = 20). Females with ripe ovaries had a mean length of 7.1 cm (± 0.12, n = 20) and a mean wet weight of 3.5 g (± 0.16, n = 20). A random sample of 99 female fishes showed that 54.6% were carrying spawn. A sample of 84 male sticklebacks showed that 44% exhibited breeding colours.
DISCUSSION
This study demonstrated a significant utilisation of Zostera noltii beds as spawning areas by migratory North Sea fishes. The results were rather unexpected in light of long periods of exposure and fluctuating environmental conditions -such as temperature and salinity -that predominate in the intertidal zone. The importance of intertidal Z. noltii beds might be increased by the absence of other suitable spawning substrates in the studied system, which is dominated by soft sediments. In contrast to Belone belone, eggs of 240 Clupea harengus were also found on Fucus vesiculosus when algae were located in the same tidal range as the seagrass beds. However, seagrass beds are considered to represent spawning grounds that are far more quantitatively effective than alternative structures in the intertidal zone. Fish species found migrating to Zostera noltii beds for spawning were formerly described to spawn in subtidal Z. marina meadows, before these meadows disappeared during the 'wasting disease' (Wohlenberg 1935) . Unfortunately, no information is available on the ecological functions of Z. noltii beds when they coexisted with subtidal Z. marina meadows in the Wadden Sea. Whether intertidal seagrass beds are a residual spawning area for species that formerly reproduced in subtidal seagrass areas or whether spawning in intertidal canopies provides a certain advantage for the development of eggs could not yet be clarified. However, embryonic stages of Belone belone are able to tolerate fluctuations in temperature and salinity (Rosenthal & Fonds 1973 , von Westernhagen 1974 , von Westernhagen et al. 1975 . Furthermore, von Westernhagen (1974) found that eggs developed much faster at a temperature of 24°C than at 18°C. In fact, this temperature difference represented approximately that between intertidal and shallow subtidal areas during the investigation period. Thus, it is assumed that environmental conditions in the intertidal zone promote embryonic development, which points to a beneficial role that Z. noltii beds may play as spawning grounds. Since tidal flats are exposed to air extensively during the tidal cycle, the layer of residual water retained by the seagrass canopy during low tide is most probably conducive to the survival of eggs in the intertidal zone. Eggs attached to a different substrate, such as green algae, might be protected against desiccation by this canopy water layer during low tide, whereas on bare sediments egg mortality is comparatively high.
The activity of Belone belone observed in different seagrass sites along the east coast of the island of Sylt indicated that fishes enter the intertidal zone with the rising tide and migrate to Zostera noltii meadows located close to the main tidal gullies. B. belone activity was also observed at the reference site in the southern Hörnum Deep tidal basin of the island. Because a causeway completely separates both tidal basins, it is assumed that migration of B. belone to Z. noltii beds during the spawning season is not restricted to the Sylt-Rømø Bight, but might also occur in other Wadden Sea areas. The JUMP method was not a suitable method to measure abundance of B. belone, because fishes were able to dive underneath the rope and repeated jumps by the same individual were thus possible. However, a direct comparison of garfish activity in adjacent vegetated and non-vegetated intertidal habitats at a particular tidal level over the whole investigation period indicated that tidal migration of adult fishes is especially directed to intertidal Z. noltii beds. The results from the spawning experiment strongly support the hypothesis of a B. belone spawning migration distinctly directed to the seagrass habitat, because eggs were attached to any suitable structure as long as it was located inside the Z. noltii bed. Since significantly fewer eggs were found attached to Fucus vesiculosus compared to artificial bast structures and seagrass control areas, brown algae such as F. vesiculosus are not considered to represent relevant spawning substrate alternatives to seagrass.
Clupea harengus eggs were observed in the intertidal zone during the period from April to May, when (aboveground) seagrass density is usually low (Schanz & Asmus 2003) . In spring 2002, no eggs could be found in seagrass canopies with low plant density in the Sylt-Rømø Bight (Fig. 1 , Site B): they were instead observed on single patches of Fucus vesiculosus. However, a mismatch between spawning season and seagrass availability, and a certain threshold value with respect to shoot density, might be responsible for the discrepancy in utilisation of seagrass canopies between the Sylt-Rømø Bight and the Hörnum Deep tidal basin for spawning. The relationship between egg number and g AFDW plant biomass indicated that at a shoot density ≥ 30 000, or 55 g AFDW plant biomass m -2 , Zostera noltii beds are quantitatively far more important spawning areas than patches of macro algae.
Clupea harengus eggs found in the intertidal zone of the island of Sylt are not considered to be quantitatively important for the total North Sea herring stock. However, the 'adopted-migrant' hypothesis, which assumes that juvenile fishes learn to find suitable spawning grounds by following the adults (Corten 1993 , McQuinn 1997 , Corten 2001 , might increase the significance of these local spots for population diversity of herring and might point to a possible recovery of eastern North Sea herring stocks (C. Zimmermann pers. comm.). It is documented that in the absence of subtidal vegetation, herring started to spawn on bare sediments in the Baltic Sea, which led to increased embryonic mortality (Raid 1990) . As a result, it could be assumed that the reproductive success of herring is enhanced by the presence of marine macrophytes such as seagrasses.
During this study, single camouflaged nests of Gasterosteus aculeatus were found in the investigation area but could not be quantified because of their effective camouflage. In general, G. aculeatus is known to leave the marine environment in spring to migrate to brackish and freshwater areas for spawning (Zijlstra 1978) . Since high percentages of female sticklebacks with ripe ovaries and male individuals with breeding colours were found in Z. noltii beds, we assumed that G. aculeatus additionally reproduces in polyhaline Wadden Sea waters. Gasterosteus aculeatus is a typical example of a fish species that exhibits intensive parental care and territorial behaviour (Tinbergen 1951 , Reebs et al. 1984 , Lachance & FitzGerald 1992 . In the intertidal area, we consider seagrass beds to be suitable spawning grounds for small, breeding species such as the stickleback, as the residual canopy water layer allows parental care without tidal migration.
CONCLUSION
Although Zostera noltii beds in the Wadden Sea are only temporarily available during the tidal cycle, common fish species that embark on different spawning strategies use them as spawning grounds in the intertidal area. A lack of alternative spawning structures may intensify the importance of Z. noltii beds in the Wadden Sea. However, it is proposed that intertidal seagrass plants are directly frequented for spawning, and that they support embryonic development of Belone belone, Clupea harengus and Gasterosteus aculeatus by providing a suitable environment over the whole tidal cycle. Since intertidal seagrass stocks are considered to represent a reproduction area for fishes in the northern Wadden Sea, continuous seagrass losses might affect North Sea fish populations, trophic structures and biodiversity.
